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Here, we report the synthesis and isolation of three
isomers of di-erbium MFs Er2@C82 (I, II, III) and di-
erbium-carbide MFs (Er2C2)@C82 (I, II, III). The cage sym-
metries of Er2@C82 (I, II, III) and (Er2C2)@C82 (I, II, III) can
be determined to be Cs(6), C2v(9), and C3v(8), respec-
tively, by comparison with the UV–vis!NIR absorption
spectra of (Y2C2)@C82 (I, II, III) with known structures.
8,9
In particular, we have found that (Er2C2)@C82 (III) has ex-
hibited the strongest PL in isomer-separated Er2@C82
(I, II, III) and (Er2C2)@C82 (I, II, III) in CS2 solution. The re-
sults suggest that the presence of encapsulated C2 mol-
ecules widens the HOMO–LUMO gap of the C82 cage
and does not contribute to the f!f transition of the en-
capsulated Er3". The encapsulated C2 molecule en-
hances the PL intensity by increasing the efficiency of
the energy transfer from the C82 cage to the encapsu-
lated Er3".
RESULTS AND DISCUSSION
UV–vis!NIR Absorption Spectra of Erbium Metallofullerene
Isomers. The details of separation and isolation of er-
bium metallofullerene isomers are in the Supporting In-
formation (Figure S1).
UV–vis!NIR absorption spectra of three isomers of
(Er2C2)@C82 in CS2 solution, normalized with the absor-
bance at 400 nm, are shown in Figure 1a!c. The corre-
sponding peak wavelengths and onsets are shown in
Table 1. The absorption spectra of (Er2C2)@C82 (I, II, III)
are different from each other. The spectrum of
(Er2C2)@C82 (I) shows pronounced peaks at 634, 718,
794, 1054, and 1198 nm. The onset of the spectrum is
at about 1550 nm. The spectrum of (Er2C2)@C82 (II)
shows pronounced peaks at 820 and 916 nm and broad
absorption bands at 1474 and 1786 nm. The onset of
(Er2C2)@C82 (II) does not occur until 2400 nm, suggest-
ing a small HOMO–LUMO energy gap. The solubility of
(Er2C2)@C82 (II) in CS2 is much lower than that of the
other two isomers. The absorption feature of
(Er2C2)@C82 (III) is less pronounced than the other two
isomers. The characteristic absorption peaks are ob-
served at 686 and 884 nm, and weak absorption bands
are also seen at about 570, 790, and 1010 nm. The on-
set of the spectrum is at about 1250 nm, suggesting
that the isomer has a large HOMO–LUMO energy gap
compared with the other two isomers. This is consistent
with the observation that isomer III is the most abun-
dant isomer among the three (Er2C2)@C82 isomers.
It is difficult to determine the molecular symmetries
of the isomers of (Er2C2)@C82 by
13C NMR because of
the presence of paramagnets of encapsulated
Er3".21–23 We therefore compare the UV–vis!NIR ab-
sorption spectra of (Er2C2)@C82 with those reported for
(Y2C2)@C82 with known structures (see Table 1).
8,9 The
absorption spectra of (Er2C2)@C82 (I, II, III) are very simi-
lar to those of (Sc2C2)@C82 (I, II, III),
24 respectively. More-
over, the absorption spectra of (Y2C2)@C82 (I, II, III) and
(Dy2C2)@C82 (I, II, III)
25 are almost the same as those of
(Er2C2)@C82 (I, II, III), respectively.
It is generally recognized that the UV–vis!NIR ab-
sorption spectra of fullerenes and MFs can reflect sensi-
tively their cage size and symmetry.1 For example, the
spectra of M@C82 (M # rare earth metal) show similar
absorption features with a small band and onset
shifts.26 Recently, 13C NMR measurements have shown
that the molecular symmetries of (Y2C2)@C82 (I, II, III) are
Cs, C2v, and C3v, respectively.
8,9 Thus, the similarity of
the absorption spectra between (Y2C2)@C82 (I, II, III) and
(Er2C2)@C82 (I, II, III) suggests that the molecular symme-
tries of (Er2C2)@C82 (I, II, III) are Cs, C2v, and C3v, respec-
tively. The schematic molecular structures of
(Er2C2)@C82 (I, II, III) are shown in Figure 2.
UV–vis!NIR absorption spectra of Er2@C82 (I, II, III)
in CS2 solution, normalized with the absorbance at 400
nm, are shown in Figure 1d!f, and the corresponding
peak wavelengths and onsets are shown in Table 1. The
spectrum of Er2@C82 (I) shows pronounced peaks at
646, 746, 812, 1056 and 1208 nm. The onset of the spec-
trum is at about 1820 nm. The spectrum of Er2@C82 (II)
shows pronounced peaks at 826 and 906 nm and broad
absorption bands at 1500 and 1786 nm. The onset of
Figure 1. UV–vis!NIR absorption spectra of (Er2C2)@C82 (I, II, III) and
Er2@C82 (I, II, III) in CS2 solvent at room temperature. These spectra are
normalized with the absorbance at 400 nm, respectively.
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Er2@C82 (II) extends to 2420 nm, suggesting a small HO-
MO–LUMO energy gap similar to that of (Er2C2)@C82
(II). The absorption spectrum of Er2@C82 (III) shows only
two characteristic absorption bands at 716 and 902
nm. The onset of the spectrum is at about 1600 nm.
The absorption spectra of Er2@C82 (I, II, III) are simi-
lar to those of (Er2C2)@C82 (I, II, III), respectively, indicat-
ing that they have the same C82 symmetries, that is, Cs,
C2v, and C3v. The molecular symmetries of Er2@C82 (I, III)
are the same as those determined by single crystal
structure analyses.27,28 It is therefore reasonable that
the molecular symmetries can be determined by com-
paring the absorption spectra of Er2@C82 and
(Er2C2)@C82.
Spectral Shifts Induced by Encapsulation of the C2 Molecule.
The absorption spectra of Er2@C82 (I, II, III) are similar
to those of (Er2C2)@C82 (I, II, III), respectively, suggest-
ing that they have the same C82 symmetry. However,
slight peak shifts are observed for the corresponding
absorption bands in Er2@C82 and (Er2C2)@C82, similar to
those observed for Y2@C82 (III) and (Y2C2)@C82 (III).
8,9
Akasaka et al. have reported that the absorption bands
of the La@C82 anion and cation are considerably shifted
from those of neutral La@C82.
29,30 These shifts were as-
cribed to the difference in the amount of negative
charge on the C82 cage. In reference to this report, the
difference in the absorption bands between Er2@C82
and (Er2C2)@C82 can be attributed to the difference in
the electron transfer from the metal atoms or metal-
carbide cluster to the C82 cage similar to the difference
between Y2@C82 and (Y2C2)@C82.
8,9 However, the shifts
of the absorption bands are much smaller than the
La@C82 case. To date, the charge density of the encap-
sulated C2 molecule cannot be decided from experi-
mental data. However, the HPLC chromatogram data in-
dicate that the charge density of the carbon cage of
(Er2C2)@C82 is slightly lower than that of Er2@C82. This
indicates that the encapsulated C2 molecule is slightly
negatively charged (not (C2)
2!).
The onsets of the spectra of (Er2C2)@C82 are also
shifted compared with those of Er2@C82. Furthermore,
the onsets at 1820, 2420, and 1600 nm of Er2@C82 (I, II,
III) are blue-shifted to ca. 1550, 2400, and 1250 nm for
(Er2C2)@C82 (I, II, III), respectively. This suggests that the
HOMO–LUMO gaps of (Er2C2)@C82 (I, II, III) are larger
than those of Er2@C82 (I, II, III). The encapsulation of the
C2 molecule may induce the stabilization of
(Er2C2)@C82, although the reason for this stabilization
is not clear at present.
Enhanced 1520 nm Photoluminescence from (Er2C2)@C82 (III)
Metallofullerenes. Figure 3a!c shows the PL spectra of
(Er2C2)@C82 (I, II, III) in CS2 solution at room tempera-
ture, which are normalized with the absorbance at 400
nm. These PL spectra correspond well with that ex-
pected for the 4I13/2(m) ¡
4I15/2(n) transition of the Er
3"
ion, where (m) and (n) indicate the J " 1/2 crystal field
components of the 4I13/2 ¡
4I15/2 manifolds.
6,17–20 At
room temperature, emission is observed from thermally
occupied components of the upper state, and phonon
scattering and absorption between the different Er lev-
els result in strong broadening and overlap of spectral
lines.
The intensities of the PL spectra differ from each
other, although the structures are almost the same.
The typical times required for the PL measurements of
(Er2C2)@C82 (I, II, III) were 120, 120, and 1 s, respectively.
The PL intensity of (Er2C2)@C82 (III) is about 150 times
stronger than those of (Er2C2)@C82 (I, II). The difference
TABLE 1. Peak Wavelengths and Onsets Observed in UV–
vis!NIR Absorption Spectra of M2@C82 and (M2C2)@C82
(M " Er, Y)













2420 (onset) 2400 (onset) 2200 (onset)
(III)
716 714 686 684
902 909 884 880
1600 (onset) 1700 (onset) 1250 (onset) 1250 (onset)
Figure 3. PL spectra of (Er2C2)@C82 (I, II, III) and Er2@C82 (I, II, III) in CS2
solvent t room temperature. The irradiation times are 120, 120, 1,
120, 120, and 120 s, respectively. These spectra are normalized with
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(II) (I) (III) UV-vis-NIR
Er3+ 1500 nm 1200 nm
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Er2C2@C82 (III) Er2@C82 (III) 3.5 K  
1-6 C2 Er3+ 4f
 
 
 1-6  Er2C2@C82 (III) Er2@C82 (III) 3.5 K  
[ Y. Ito, et al., ACS Nano, 1, 456 (2007)] 
  
is primarily caused by the existence of absorbance on
these carbon cages at about 1500 nm. For example, the
PL intensity of (Er2C2)@C82 (II) is very weak because the
carbon cage of (Er2C2)@C82 (II) possesses a broad ab-
sorption band at 1500 nm, and the PL from Er3! should
be absorbed by the carbon cage. Similarly, the onset
of the absorption spectrum of (Er2C2)@C82 (I) is at about
1550 nm; (Er2C2)@C82 (I) has a slight absorption at 1520
nm, which induces the reduction of the PL intensity of
(Er2C2)@C82 (I). (Er2C2)@C82 (III), in contrast, has no ab-
sorption bands at 1520 nm, and the onset of the spec-
trum is at about 1250 nm, suggesting that the carbon
cage of (Er2C2)@C82 (III) is transparent to the PL of the
encapsulated Er3!.
Figure 3d"f shows PL spectra of Er2@C82 (I, II, III) in
CS2 solution at room temperature normalized with the
absorbance at 400 nm. These spectra also correspond
well with that expected for the 4I13/2(m) ¡
4I15/2(n) tran-
sition of the Er3! ion as in (Er2C2)@C82. The overall spec-
tral structures of these spectra are almost the same.
However, similar to (Er2C2)@C82 isomers, the intensities
of these spectra differ from each other. The difference is
also due to the existence of absorbance on these car-
bon cages at ca. 1500 nm. Er2@C82 (II) does not show PL
because the carbon cage of Er2@C82 (II) has a broad ab-
sorption band at 1500 nm similar to (Er2C2)@C82 (II).
Er2@C82 (I, III) have a slight absorption at 1520 nm; the
onsets of absorption for Er2@C82 (I, III) are at about 1820
and 1600 nm, respectively. The absorbance of Er2@C82
(III) is smaller than that of Er2@C82 (I). Therefore, the PL
intensity of Er2@C82 (III) is stronger than that of
Er2@C82 (I).
Low-Temperature PL Measurements. Similar crystalline en-
vironments for Er atoms are inferred from low-
temperature PL spectra between Er2@C82 (III) and
(Er2C2)@C82 (III). Figure 4 shows the PL spectra of
Er2@C82 (III) and (Er2C2)@C82 (III) in bisphenol A polycar-
bonate thin film at 3.5 K. The spectra consist of about
eight principal lines as expected for emission from the
lowest excited 4I13/2(1) level to the eight doubly degen-
erate levels of the 4I15/2 ground manifold, which con-
firms a trivalent nature of the Er ions.18 These spectra
are different from those of (Er3N)@C80 already re-
ported.6 One of the notable differences is the doublet
structures observed around 1520 nm in the 4I13/2(1) to
4I15/2(1) origin line. The doublet structures also ob-
served for (Er2ScN)@C80 and (ErSc2N)@C80 are inter-
preted as due to two probable positions of encapsu-
lated Er atom(s) in the C80 cage since such a doublet
structure does not appear for (Er3N)@C80, suggesting
that the doublet structures occur due to the symmetri-
cal difference. Similarly, the molecular symmetries of
Er2@C82 (III) and (Er2C2)@C82 (III) are lower than those
of (Er3N)@C80, in which both Er2@C82 (III) and
(Er2C2)@C82 (III) have C3v symmetry compared with the
Ih symmetry of (Er3N)@C80. Each encapsulated Er
3! in
Er2@C82 (III) and (Er2C2)@C82 (III) is, therefore, not in a
geometrically equivalent position in the C82 cage.
The low-temperature PL spectra of Er2@C82 (III) and
(Er2C2)@C82 (III) are almost same as each other, indicat-
ing that the encapsulated C2 molecule does not signifi-
cantly vary the positions of encapsulated Er3! and
does not substantially restrict the internal motion of
Er3!. This is consistent with the reported molecular
structures of Y2@C82 (III) and (Y2C2)@C82 (III). Synchro-
tron X-ray diffraction with the MEM/Rietveld analysis re-
vealed the presence of a pentagonal"dodecahedral
shape of the charge density due to Y2 in both Y2@C82
(III) and (Y2C2)@C82 (III); the Y"Y distance is almost the
same in Y2@C82 (III) (3.84(3) Å) and (Y2C2)@C82 (III)
(4.07(3) Å).10
These results strongly suggest that the encapsu-
lated C2 molecule does not affect the encapsulated
Figure 4. PL spectra of Er2@C82 (III) and (Er2C2)@C82 (III) in
bisphenol A polycarbonate thin film at 3.5 K.
Figure 5. Excitation energy dependence on the PL intensi-
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  900 nm NdM@C78(D3h) M=Nd La Y





 5-6 NdM@C78(D3h) A  
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Nd2@C80(Ih) 1100 nm 1300 nm B
 5-7 ErY@C80(Ih) mixture  5-8
1100 nm 1300 nm




 5-7  Nd2@C80(Ih) B  
 
 5-8  ErY@C80(Ih) mixture B  
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 ErM@Cn M=Er Y; n=78 80  5-5
1500 nm Er2@Cn n=78 80  5-9
Er3+ Er3+
Er2@C80(Ih) Er2@C78(D3h)
Er2C2@C82(III) Er2@C82(III)  1-5
 
1500 nm ErY@C78(D3h) mixture Er2@C78(D3h)








 5-10  ErM@C78(D3h)(M=Er Y) B  
 
 




[ ] / [633 nm ]







 5-3 ErY@C78(D3h) mixture Er2@C78(D3h)
ErY@C80(Ih) mixture ’
 3-6 ErY@C80(Ih) mixture Y2@C80(Ih)  
ErY@C80(Ih) ErY@C80(Ih) mixture 
Er Er2@C80(Ih) ErY@C80(Ih) mixture
4 ’  5-3 Er2@C80(Ih)
 
 
 5-2  Er2@Cn n=78 80  
 (Er2@C80(Ih))- (Er2@C78(D3h))- 
 1 0.19 
 
 
 5-3  ErM@C80(Ih) (M=Er Y) ' 
 (Er2@C80(Ih))- (ErY@C80(Ih))- mixture 
 1 0.071 




 Nd Er  5-6
Nd
Nd3+ Er Er3+
Nd3+ Δ Δ Nd3+
 5-12  
 
 
 5-12 Nd Er   
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 6
NdMCn M=Nd La Y; n=78 80 ErYCn n=78 80
IPC Nd2Cn n=78 80 NdYC80
NdLaCn n=78 80 ErYCn n=78 80
 
UV-vis-NIR NdMC78 M=Nd La Y ErYC78
C78(D3h) NdMC80 M=Nd La Y ErYC80 C80(Ih)
 
NdM@Cn M=Nd La Y; n=78 80 ErM@Cn M=Er Y; n=78 80
NdMCn M=Nd La Y; n=78 80 Nd3+
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